This paper describes the methodology and presents preliminary results of a project using multispectral imaging to document the deterioration of parchment. A series of treatments has been applied to degrade samples from a deaccessioned manuscript using both physical and chemical agents. Each sample is photographed before and after the treatment by a multispectral imaging system to record the effect of the treatments on both the writing and the parchment. Here we present the initial imaging of the samples, and we show how some of the agents affect the writing and parchment.
INTRODUCTION
Digital surrogates of documents have become an indispensable tool for scholars and archives. They provide an easily accessible, non-degrading resource for research and study (Terras & Robertson, 2006) . Numerous imaging and image processing technologies have been employed to examine the characteristics of the originals, such as X-ray imaging, imaging in the infrared spectrum, and multi-spectral imaging. These offer additional information about the physical characteristics and condition of the document. The results have been better images, more possibilities for analysis, and additional information recovered from ancient documents. (Chabries, Booras, & Bearman, 2003; Salerno, Tonazzini, & Bedini, 2007; Tanner & Bearman, 2009 ).
Digitisation projects generally concentrate on documents in their existing state. Typically the focus of image processing is to restore the digitally rendered document to its supposed original state, before the damage occurred. In this project, we aim to investigate the processes of controlled document degradation using multispectral imaging. We have obtained a manuscript on parchment, which we are subjecting to a variety of degradation procedures. We are documenting the process via multispectral imaging. In this paper, we present the programme, give an outline of the methodology for degrading the manuscript, and describe the approach to imaging. Finally, we show some samples from the initial imaging trials, and preliminary results from our tests with the various degradation methods.
We obtained an 18 th -century manuscript deaccessioned from the London Metropolitan Archives. Although it was in good physical condition, this manuscript was deemed to hold no historical value, and it was kindly provided to us for experimentation. It comprised two large sheets of prepared animal skin, i.e. parchment, written in iron gall ink and highlighted in red ink. Each sheet Cultural Heritage Destruction: Documenting Parchment Degrad Alejandro Giacometti, Alberto Campagnolo, Lindsay MacDonald, Simon Mahony, Melissa Terras, Stuart Robson, 
MULTISPECTRAL IMAGING
A multispectral image is a set of images acquired through narrow band filters for wavebands. Each image shows the radiation from the scene in the corresponding waveband (Vane & Goetz, 1988) . acquired at visible wave-lengths (40 and may also include regions of the non spectrum: ultraviolet (<400 nm) and nm). Images that include more channels over broader range of wavelengths are referred to as hyper-spectral images (Landgrebe & Chen, 1999) Multispectral imaging was developed sensing to determine the composition of objects in space by measuring their emission spectr Heritage Destruction: Documenting Parchment Degradation via Multispectral Imaging Alejandro Giacometti, Alberto Campagnolo, Lindsay MacDonald, Simon Mahony, Melissa Terras, Stuart Robson, Tim Weyrich shows the intensity of the corresponding . Images are 400-700 nm), of the non-visible infrared (>700 more channels over a ngths are referred to as (Landgrebe & Chen, 1999) .
Cultural
developed for remote to determine the composition of objects in spectra. NASA satellites were also designed to capture multi spectral reflective images from Earth famous being Landsat, first launched in 1972, with eight spectral bands. The original purpose was to identify the kinds of resources that could be found in a specific location without the need for spatial resolution. The idea was to variations in a pixel rather than variations in higher resolution images Chen, 1999).
Multispectral imaging (MSI) applied to the imaging of fine art paintings (Hardeberg, 2001) . It has also been image ancient documents al., 2007). Bearman and Spiro (1996) were the first to use digital MSI on the Dead Sea Scrolls, with a liquid crystal tunable filter in front of a monochrome CCD camera. They captured digital images from 400 to 1050 nm, and noted the great improvement in legibility at 970 nm, compared with the image at 700 nm.
Multispectral images can be used to identify, and hence to separate, different types of inks in a single document, allowing a researcher to determine whether the document has been written by several different hands reflectance profiles of known stored in a database and materials. Recognising the type of ink can help determine the age or locat
The type of ink used has considerable the imaging approach. The earlier carbon black ink consisted of graphite or soot particles suspended in an organic binder and applied with a stylus. These inks do not penetrate or rest on top, with particles adhering to the mi structure of the surface. Iron gall ink, also known as gallo-tannin ink, was introduced around the third century AD, prepared with organic material that penetrates the substrate more dye it black. Chabries et al parchment reflectance increases at longer wavelengths, resulting in greater contrast the infrared images.
METHODS
From the original manuscript sections of 8×8 cm were containing written text. Two sections have written on both sides. Each to an external deteriorating rapid and controlled form of degradation. agents include mechanical damage, heat, humidity, abrasion and a variety of substances with different chemical properties (Table 1) appearance and condition of the samples ation via Multispectral Imaging Alejandro Giacometti, Alberto Campagnolo, Lindsay MacDonald, Simon Mahony, Melissa Terras, designed to capture multiimages from Earth, the most , first launched in 1972, with . The original purpose was to of resources that could be found cation without the need for high
The idea was to analyse spectral variations in a pixel rather than the spatial variations in higher resolution images (Landgrebe & (MSI) has been successfully applied to the imaging of fine art paintings (Hardeberg, 2001) . It has also been utilised to image ancient documents (Attas, 2004; Salerno et Bearman and Spiro (1996) were the first to use digital MSI on the Dead Sea Scrolls, with a liquid crystal tunable filter in front of a monochrome CCD camera. They captured digital images from ed the great improvement in legibility at 970 nm, compared with the image at can be used to identify, and different types of inks in a single ing a researcher to determine has been edited, or if it was different hands. Additionally, the known materials can be and used to classify unknown . Recognising the type of ink can help location of a specific writing.
The type of ink used has considerable impact on The earlier carbon black ink consisted of graphite or soot particles suspended in an organic binder and applied with a stylus. These inks do not penetrate or stain the parchment but rest on top, with particles adhering to the micro-. Iron gall ink, also known as tannin ink, was introduced around the third century AD, prepared with organic material that more deeply and reacts to et al (2003) noted that the parchment reflectance increases at longer resulting in greater contrast of text in original manuscript, 23 flat square were cut, with each section Two sections have text Each sample will be exposed deteriorating agent in order to force a rapid and controlled form of degradation. The agents include mechanical damage, heat, humidity, abrasion and a variety of substances with different (Table 1 ). Each will affect the appearance and condition of the samples in Cultural Heritage Destruction: Documenting Parchment Degradation via Multispectral Imaging Alejandro Giacometti, Alberto Campagnolo, Lindsay MacDonald, Simon Mahony, Melissa Terras, Stuart Robson, Tim Weyrich and Adam Gibson different ways, typical of the actual damage suffered by parchment in real archives. In the following sections we describe the methods for degrading the parchment and for imaging.
Degradation treatments
Large collections of parchment documents exist in public and private libraries, archives, and museums in varying degrees of preservation. Parchment has a predominantly organic composition, mainly based on protein collagen in association with small quantities of elastin, globular proteins, and fats. Parchment is prepared from a pelt, i.e. an animal skin that has been wetted, immersed in lime water (a saturated solution of Calcium Hydroxide), dehaired, and scraped. The pelt is then left to dry under tension on a wooden frame. The stretching of the soaked pelt has the effect of reorganizing the collagen fibre network into a laminate structure, and, as the pelt dries, the fibres are locked into the stretched condition. The resulting material is a fairly stiff sheet which, without any further treatment, is durable and can last for centuries, provided it is kept cool and dry (Reed, 1972; Clarkson, 1992; Larsen, 2007) .
Parchment is an extremely hygroscopic material that reacts readily to changes of humidity with changes in thickness and physical appearance, such as cockling and curling. It is also endangered by biological, thermochemical, and mechanical degradation.
We have selected some methods of artificial degradation for our parchment samples to simulate the kinds of damage that can affect parchment documents found in cultural heritage collections. These degradation methods fall within the main categories of mechanical, thermochemical and humidity, biological, and physical damage. These act directly upon the writing medium -i.e. the parchment -changing its physical characteristics at both microscopic and macroscopic levels, as well as damage caused by external substances that act directly to obscure the text. (Reed, 1972) 
Multispectral imaging
Each sample is imaged before and after the treatment, using two different cameras, in combination with two lighting systems for both reflective and transmissive imaging, under a range of bandpass filters. The cameras are: (1) Nikon D200 with 105mm lens, an RGB digital SLR, which captures images in the visible spectrum; (2) Kodak Megaplus 1.6i scientific monochrome camera, which captures images in both the visible and nearinfrared spectrum over the range 400-1000 nm.
With each camera, a set of bandpass optical filters centred at regular intervals is used.
Each of the first 16 filters has a bandwidth of approximately 20 nm, at wavelength intervals of 20 nm throughout the visible spectrum from 400 to 700 nm inclusive (Fig. 3) . The last 5 filters have a bandwidth of approximately 50 nm, at intervals of 50 nm in the near-infrared spectrum from 750 to 950 nm inclusive.
Figure 3: Transmittance factors of 16 optical bandpass filters in the visible spectrum
We use two lighting systems. The sample is illuminated at 45° angles by a set of four tungstenhalogen lamps in a standard photographic document copystand. This setup allows the camera to capture light reflected from the parchment without specular highlights. The second system uses a lightbox with two fluorescent lamps and a diffuser to illuminate the parchment from behind, thus capturing the transmitted light.
At the end of this project, there will be a total of 3900 images, captured in 2 sessions, in 4 modalities ( Table 2 ). There are 23 square parchment samples in total, but two samples contain written text on two sides. These samples are imaged once on each side. We punched four 1mm round holes in each sample at about a third of the distance from the borders. These holes are apparent in each image and will be a persistent feature after the samples are degraded, both as reference points for registration of the multispectral image channels and for comparison of image sets of the samples before and after treatment.
Figure 4: Measured reflectance spectra of (top to bottom) parchment, yellowed parchment, dirty parchment, red ink, blue seal, and iron gall ink
As a reference for reconstruction of the reflectance spectra from the multispectral image sets, we imaged a Mini-Macbeth colour checker chart using an X-Rite i1Pro spectrophotometer. This instrument measures the reflectance factor of each patch at 10nm intervals from 380 to 730 nm. Typical spectra from the manuscript are shown in Fig. 4 , also measured by the i1Pro. The parchment has a very smooth spectrum, lower at the blue end, giving its characteristic yellow hue. The loss of reflectance at short wavelengths is accentuated in the 'yellowed' regions. At a middle wavelength of 550 nm the reflectances of the ink and parchment are 0.1 and 0.65 respectively, giving a contrast ratio of ~ 6.5:1. Reflectance factor
INITIAL IMAGING TRIALS
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Cultural Heritage Destruction: Documenting Parchment Degrad Alejandro Giacometti, Alberto Campagnolo, Lindsay MacDonald, Simon Mahony, Melissa Terras, Stuart Robson, Tim Weyrich We imaged the parchment under a glass sheet to hold it flat, using the Nikon RGB camera sample was first imaged without a filter camera (Fig. 5) . The four reference holes can be observed as round black spots.
Figure 5: Full spectrum reflective RGB image of parchment sample 203
We then captured each sample 16 times, successive filters (Fig. 6 ). The first and last images are completely dark, due to the low sensitivity of the camera sensor at these wavelengths. T progression of hues, from blue through green to red, matches the perception of those wav by the human eye. Note that the second image also has a hint of red, because the red channel of the camera is designed to be somewhat sensitive to these short wavelengths in order to be able to differentiate the violet hues of the spectrum. Each sample was also imaged using the transmissive lighting system (Fig. 7) . Sample 602 has text on both recto and verso sides. In the images under transmissive light, the two layers of text can be observed. The reference holes in these images appear as bright spots, rather than dark ones, because the light is coming from beneath the parchment. Alejandro Giacometti, Alberto Campagnolo, Lindsay MacDonald, Simon Mahony, Melissa Terras, Stuart Robson, Tim Weyrich and Adam Gibson 306 a glass sheet to RGB camera. Each first imaged without a filter on the The four reference holes can be
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DEGRADATION TESTS
Preliminary tests on the degradation methods using 'spare' pieces of parchment, effects on both the appearance and physical characteristics of the parchment the difference between scrunching and mechanical damage. appears to have removed almost all traces of ink from the surface. Mechan effective in deteriorating the writing. Samples were stained with and aniline dye (Fig. 9) . appearance of iron gall ink and India ink is indistinguishable. However, they differ in and intensity from the original iron gall writing. The aniline dye completely obscures the writing.
Oil, tea and red wine affect different ways (Fig. 10) . The oil makes the substrate more transparent, causing the writing on the two sides to blend together. Tea, on the other hand, seems to have reactivated the original iron gall ink and made it bleed. Red wine have deeply stained the parchment, and hidden the writing.
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. DEGRADATION TESTS
Preliminary tests on the degradation methods, using 'spare' pieces of parchment, illustrate various ts on both the appearance and physical characteristics of the parchment. Figure 8 shows the effects of scraping, scrunching and mechanical damage. The scraping appears to have removed almost all traces of ink . Mechanical damage is also effective in deteriorating the writing.
samples submitted to scraping, scrunching and mechanical damage, imaged under reflective lighting
Samples were stained with India ink, iron gall ink Under natural light, the appearance of iron gall ink and India ink is indistinguishable. However, they differ in both tone and intensity from the original iron gall writing. The aniline dye completely obscures the writing.
Oil, tea and red wine affect the parchment in quite different ways (Fig. 10) . The oil makes the substrate more transparent, causing the writing on the two sides to blend together. Tea, on the other hand, seems to have reactivated the original iron gall ink and made it bleed. Red wine appears to have deeply stained the parchment, and hidden the When the same samples are imaged under reflective lighting, however, the writing on the sample treated with wine is perfectly readable (Fig.  11 ) and the effect of oil is less noticeable.
Figure 11: Three test samples submitted to soaking in oil, tea and wine, under reflective lighting
The colour and transmittance of parchment can vary significantly with the degradation methods (Fig. 12) . The desiccated sample has become lighter, while the smoke has turned parchment deep yellow. The blood has made the parchment red like meat, and obscured the writing to imaging under both transmissive and reflective lighting (Fig.  13) . Burning has made the parchment very dark and opaque, and shrunk it to half the original size.
The burnt sample, moreover, has become extremely fragile, and cracked in the middle.
Reflective lighting reveals the writing on the burnt sample, especially at infrared wavelengths. Under a much longer exposure with backlighting the burnt sample does allow some light through, and delivers some contrast between the parchment and ink (Fig.  14) . 
DISCUSION
At the completion of this project we will have a set of multispectral images showing both the initial and degraded state of a manuscript. These images will be fully documented and released publicly as a resource for the research community. They will provide insight into how a parchment with text reacts visually and physically to various forms of degradation. We offer these as a guide for conservation, a resource for quantitative evaluation of image processing algorithms for information recovery, and for other research activities in conservation, image processing, computer graphics, and archaeometry.
We have established a methodology for a comprehensive study of how the degradation of parchment affects its appearance, changes its physical characteristics, and influences our ability to discern written text. Additionally, we have presented an overview of how this degradation will be documented using a multispectral imaging system.
We have shown examples of how the effects of degradation treatment to parchment can vary, and how multispectral imaging analysis can be instrumental in studying these effects.
Analysis of multispectral images of scraped or mechanically damaged samples will enable us to identify even faint traces of ink that might not be visible. It will enable the identification of seemingly identical inks, and could allow us to recover writing from darkly stained parchment, identifying the staining agent, and from charred and burned fragments.
The data from our experiment will be made available to the public. Our dataset of the parchment samples before treatment will provide a 'ground truth' for analysis of the effectiveness of image processing algorithms in restoring images of the degraded samples.
